Ecological invasions of generalist species often are facilitated by anthropogenic disturbance. Coyotes (Canis latrans) have benefitted from anthropogenic changes to North American ecosystems and have experienced a dramatic range expansion since the early 19th century. The region east of the Mississippi River has been colonized via 2 routes that have converged in the mid-Atlantic region during the past few decades. Coyotes using the northern route of expansion show molecular evidence of admixture with the Great Lakes wolf (GLW). We used noninvasive molecular techniques to detect the geographic origins of the recent coyote colonization of northern Virginia as a representative of the mid-Atlantic region and to detect signatures of admixture with GLWs. Of 455 individual canid scats screened, we sequenced a variable 282-base pair fragment of the mitochondrial control region from 126 coyote scats, assigned individual identities to samples using 6 microsatellite loci, and conducted phylogeographic analyses by comparing our sequences to previously published haplotypes. In 39 individuals identified in our scat surveys we detected 7 mitochondrial DNA haplotypes, all of which have been previously reported in diverse surrounding geographic localities. Phylogeographic analyses indicate multiple sources of colonization of northern Virginia. One common haplotype detected in northern Virginia is of wolf origin, indicating the presence of admixed coyotes and GLWs from the north.
Ecological invasions can occur due to a combination of biological, environmental, and anthropogenic factors. The arrival of nonnative species often is coupled with humanmediated transport (Lockwood et al. 2007 ) but also can be facilitated by anthropogenic habitat disturbance (Lockwood et al. 2007 ). Urbanization has been linked to a decline in native species with specialized niches and an increase in nonnative species with broader niches (McKinney 2006) . Anthropogenic alteration of the physical environment, which changes the type and availability of resources, and the presence of competitors are the mechanisms by which this biotic homogenization occurs (Shea and Chesson 2002) . Consequently, species that can best take advantage of habitats modified by humans will proliferate.
Members of the genus Canis have undergone dramatic range expansions and contractions in North America since the arrival of European colonists in the 17th century. Some taxa, such as the red wolf (Canis rufus) and gray wolf (C. lupus), have experienced substantial range contractions due to predator control efforts and anthropogenic modification of habitat (Nowak 1979) . In contrast, the coyote (C. latrans) has rapidly expanded its range from the grasslands and prairies of the American Midwest to most of North and Central America (Bekoff 1977) . Since the wave of settlement by European descendants westward across North America in the 1800s, coyotes have colonized west to the Pacific, north to Alaska, east to the Atlantic, and south to Panama (Bekoff 1977) .
This proliferation of coyotes is probably the result of 3 anthropogenic influences: eradication of top predators, habitat w w w . m a m m a l o g y . o r g modification, and independent translocation events. By the end of the 19th century predator eradication, including bounty programs and widespread poisoning, had decimated nearly all of the gray wolves in the United States and southern Canada (Mech 1970) . Gray wolves in North America have been reduced from approximately 2 million individuals (Seton 1929) to approximately 70,000 individuals, with the majority of animals in Canada (Mech and Boitani 2003) . This dramatic reduction in the gray wolf population might have released coyotes from the interference competition and the mortality of transient coyotes caused by wolves that previously restricted them to the American Midwest (Berger and Gese 2007; Peterson 1995; Thurber et al. 1992) . Release from both predation and competition are implicated in allowing for a biological invasion (Lockwood et al. 2007) . Coyotes also are affected by predation and interference competition from cougars (Puma concolor), but the 2 species can share food sources and habitat (Koehler and Hornocker 1991) .
Concurrent with the decimation of gray wolves across North America, massive anthropogenic habitat change that converted dense forests to agricultural lands opened additional habitat to coyotes (Parker 1995) . Coyotes prefer slightly disturbed habitat, as opposed to dense forest, because it increases prey availability (Boisjoly et al. 2010) . Coyotes also are adept at exploiting urban habitats, allowing them to populate major cities across the continent (Gibeau 1998; Grinder and Krausman 2001; Howell 1982) . These adaptive abilities facilitate the coyote's range expansion across our anthropogenically altered continent. Coyotes also have been translocated for use as pets or hunting animals by private groups, with western coyotes released in the east as early as 1925 (Bekoff 1982; Hilton 1978; Young and Jackson 1951) , although the long-term success of these introductions is unknown. Anthropogenic translocations have been documented for several mammal species as early as the Pleistocene (Allen et al. 1989; Flannery and White 1991) , but many translocation events likely go undetected because of the inability to distinguish them from other biogeographic events (Grayson 2001) .
As coyotes have expanded their range across the eastern United States, hybridization with the significantly more rare red wolves (C. rufus) and Great Lakes wolves (GLWs) has become a conservation issue. The range of the red wolf has been drastically reduced by human persecution from much of the southeastern United States to approximately 6,000 km 2 in North Carolina (Adams et al. 2003; Paradiso and Nowak 1972) . All members of the current population are direct descendents of a captive breeding program initiated in 1973 when the species received federal protection under the Endangered Species Act (United States Fish and Wildlife Service 2007) . Currently, their principal threat to species recovery is hybridization with coyotes, and intensive management operations are ongoing (Kelley 2000; Kelly et al. 1999) . The species status of the GLW is currently under intense debate, with recognition of its molecular differentiation from the western gray wolf (C. lupus) beginning 20 years ago . Differing hypotheses exist regarding the species status of GLW, degree and timing of hybridization-admixture between C. lupus, GLWs, and C. latrans, and the exact route of the recent colonization by coyotes across the Great Lakes region (Kays et al. 2010; Koblmüller et al. 2009; Kyle et al. 2006; Leonard and Wayne 2008; Nowak 2002; Roy et al. 1994 Roy et al. , 1996 Rutledge et al. 2010; Wheeldon et al. 2010; Wheeldon and White 2009; Wilson et al. 2000 Wilson et al. , 2003 Wilson et al. , 2009 ). Regardless of these debates, modern coyote populations in the eastern United States have genetic signatures of admixture with GLWs, with mitochondrial haplotypes that cluster with GLWs found in coyotes in New England and as far south as Pennsylvania (Kays et al. 2010; Koblmüller et al. 2009; Way et al. 2010) . Koblmüller et al. (2009) and Way et al. (2010) found mitochondrial DNA (mtDNA) haplotypes of GLW origin in coyotes from New York and Massachusetts. Kays et al. (2010) inferred a region in western New York and Pennsylvania that is a contact zone between 2 advancing fronts of colonizing coyotes, 1 from the West with a high diversity of coyote mtDNA haplotypes and 1 from the Northeast with a lower diversity of coyote mtDNA haplotypes and also GLW haplotypes. From these studies it appears that as coyotes moved through GLW territory, some interbred, and the mitochondrial signatures of that mixing are apparent in northeastern states where coyotes have been studied. To date, coyotes with signatures of admixture with GLWs have not been reported farther south along the East Coast states.
The colonization of North America east of the Mississippi River has occurred over the last 100 years in 2 fronts (Parker 1995) , a northern front moving across the Great Lakes region and into the northeastern United States and a southern front moving through the southeastern United States (Fig. 1) . The northern front may be further divided into 2 fronts, because coyotes have taken a route north of the Great Lakes and through southeastern Canada and also a route south of the Great Lakes, through Ohio and into the northeastern United States (Kays et al. 2009; Parker 1995) . However, these 2 northern fronts have converged in the northeastern United States and can now be considered a single northern front. Using reports of coyote presence from both primary literature and state and federal wildlife agencies, Parker (1995) tracks the expansion of the northern and southern fronts, which seem to converge along the Appalachian Mountains and in the midAtlantic region (Delaware, the District of Columbia, Maryland, and Virginia). This region was the last to be colonized by coyotes, as late as 1993 (Parker 1995) . At the heart of this region is northern Virginia, a loosely defined area consisting of several counties and independent cities radiating to the south and west of Washington, D.C. This area has a dense human population and has experienced massive population growth in the past decade. Many studies have been made of coyotes throughout much of North America (Gehrt and Prange 2007; Hailer and Leonard 2008; Kamler and Gipson 2000; Kays et al. 2008; Prugh et al. 2005; Riley et al. 2006; Sacks et al. 2008; Way et al. 2010; Wheeldon et al. 2010) . However, to date, no peer-reviewed articles focusing on coyotes in the mid-Atlantic states have been published (although coyotes have been a focus of the popular press). In this study we used noninvasive molecular technology, a powerful tool to answer ecological questions about elusive species, to obtain sequence data from a variable portion of the mitochondrial control region for coyotes in a newly colonized population in northern Virginia.
Mitochondrial DNA has been used to detect the source of recent colonizations and translocation events for many mammal species (Epps et al. 2010; Kays et al. 2010; Onorato et al. 2004; Van Den Bussche et al. 2009 ). A recent study by Kays et al. (2010) has correlated haplotype identities and diversity with postulated migration routes to uncover the colonization patterns of coyotes, despite weak phylogeographic structure. Using indicators of colonization patterns across the eastern United States, with 2 fronts apparently merging in the mid-Atlantic region, we sequenced a variable portion of the mitochondrial control region to examine the source of the recent colonization in northern Virginia. Because the mid-Atlantic is near the advancing front of 2 waves of coyote expansion, we hypothesize that this population will show evidence of multiple colonization events from surrounding regions. Additionally, because introgression is known to occur between coyotes and GLWs, we hypothesize that colonization from the northern front will result in the presence of GLW haplotypes in the northern Virginian coyote population.
MATERIALS AND METHODS
Study site.-This study was conducted in a single area in northern Virginia encompassing 2 land holdings, Marine Corps Base Quantico (MCBQ) and Prince William Forest Park. MCBQ is located in the southern reaches of northern Virginia ( Fig. 1 Although transects used in all collection sessions at MCBQ were nonrandom due to the restrictions of ongoing military training at the site, randomly generated locations would be ineffective because carnivores often deposit scats on roadways (Macdonald 1980 ) and humans are inefficient at locating scat in vegetation (Smith et al. 2001 (Smith et al. , 2003 . We also obtained tissue samples from 7 coyotes trapped by hunters at MCBQ.
Amplification of target sequence.-Collected scats were stored in plastic bags in the field and moved to freezers at 220uC within hours of collection. We extracted DNA from scats using QIAGEN QIAamp DNA stool kits (Qiagen Inc., Valencia, California). DNA isolation and amplification (procedures done before polymerase chain reaction) were conducted in a separate room to minimize the risk of contaminating stock DNA with polymerase chain reaction products, and aerosol barrier tips were used for all prepolymerase chain reaction procedures. Because the scat of sympatric canid species might not be readily identifiable by visual examination (Davison et al. 2002) , we conducted species identification of every scat sample following the protocols in Bozarth et al. (2010) . This protocol requires the amplification of a short fragment of the control region that is variable in length, identifying each of the potential canid species known to occupy the study area. We reliably differentiated scat deposited by coyote (C. latrans), gray fox (Urocyon cinereoargenteus), and red fox (Vulpes vulpes- Bozarth et al. 2010 ). We did not detect scat deposited by domestic dog (C. familiaris). We sequenced the same 282-base pair (bp) region of the mtDNA control region for all 126 coyote scats detected. We repeated polymerase chain reaction amplification and sequencing for all samples with ambiguous results and amplified and sequenced 7 coyote tissue samples from the study area as positive controls. We used a 20-ml reaction volume containing 3 ml of template DNA (directly from kit extraction), 0.5 mM of each primer, 1x PCR buffer II, 1.5 mM of MgCl 2 , 1 unit of AmpliTaq Gold polymerase (Applied Biosystems, Foster City, California), and 0.2 mM of each deoxynucleoside triphosphate. Positive and negative controls were run with each batch of polymerase chain reaction. We amplified DNA in PTC-100 and PTC-200 thermocyclers (MJ Research, Waltham, Massachusetts) using the following program: initial denaturation at 95uC for 11 min; 35 cycles of 30 s at 95uC, 30 s at 58uC, and 2 min at 72uC; and final extension of 72uC for 30 min. Polymerase chain reaction products were cleaned using ExoSAP (USB Corporation, Cleveland, Ohio) and sequenced in both directions using the BigDye Terminator version 3.1 Cycle Sequencing kit (Applied Biosystems) according to the manufacturer's recommendations. Reactions were purified via centrifugation through Sephadex G-50 columns (Amersham Biosciences, Piscataway, New Jersey). Sequences were run on an ABI Prism 3100 Genetic Analyzer (Applied Biosystems) and aligned by eye in Sequencher 4.8 (Gene Codes Corporation, Ann Arbor, Michigan).
Because the sequences used in this study targeted small 282-bp-long fragments ideal for noninvasive samples, and many of the published control region sequences are approximately 385 bp long, we tested the ability of the shorter region to differentiate haplotypes by sequencing a comparably sized fragment for several samples for each of the observed haplotypes to check for diagnostic variable sites outside our 282-bp region. For this we used universal primers L15910 and H16498 (Kocher et al. 1989 ) in a volume of 20 ml with the same reaction mix described above, except that we used 1 ml of template DNA and 2 mM MgCl 2 . We used the same procedure as described above, except that we used an annealing temperature of 50uC. Products were cleaned, sequenced, purified, and aligned as above.
Verification of individual identities.-Individual identities of animals detected with scat were verified using up to 6 highly variable tetranucleotide microsatellite loci. Primers FH2001, FH2096, FH2137, FH2140, FH2159, and FH2235 were originally obtained from the canine genome map (Francisco et al. 1996) and adapted and validated for use in population studies of coyotes by Prugh et al. (2005) . We used a 25-ml reaction volume containing 5 ml of template DNA (directly from kit extraction), 0.5 mM of each forward FAM, HEX, or TET-labeled forward and unlabeled reverse primer, 1x polymerase chain reaction buffer II, 2 mM of MgCl 2 , 1 unit of AmpliTaq Gold polymerase (Applied Biosystems), and 0.2 mM of each deoxynucleoside triphosphate. We amplified DNA in PTC-100 and PTC-200 thermocyclers (MJ Research) using the following program: initial denaturation at 95uC for 10 min; 45 cycles of 1 min at 95uC, 1 min at 58uC, and 1 min at 72uC; and final extension of 72uC for 10 min. Polymerase chain reaction products were separated and detected by capillary electrophoresis on an ABI 3130xl Genetic Analyzer (Applied Biosystems). Electropherograms were analyzed using GeneMapper Analysis Software version 4.0 (Applied Biosystems). Each DNA extract was subjected to at least 3 independent polymerase chain reaction amplifications for each locus for allele-size verification. After each scat was successfully typed at all 6 loci the reliability of each observed multilocus score was determined using the program RELIO-TYPE (Miller et al. 2002) . RELIOTYPE is a program that assesses the reliability of an observed multilocus genotype using a maximum-likelihood approach for minimizing genotyping errors. Because of the low-quality DNA often present in scat samples (Taberlet et al. 1996) , not all sequenced samples amplified at all 6 loci. When we found unique alleles at otherwise incomplete multilocus genotypes, we assigned them conservatively as unique individuals.
Comparison to published haplotypes.-To detect the geographical source of this population and to compare indicators of molecular diversity across eastern North America we obtained 156 control region sequences from Canis spp. that were published previously in GenBank (Adams et al. 2003; Hailer and Leonard 2008; Kays et al. 2010; Koblmüller et al. 2009; Leonard and Wayne 2008 ; S. L. Lance, Savannah River Ecology Laboratory, pers. comm.). Because molecular evidence indicates hybridization-admixture between C. lupus, GLWs, and C. latrans in southeastern Canada, the Great Lakes region, and New England (Kays et al. 2010; Koblmüller et al. 2009; Rutledge et al. 2010; Way et al. 2010) , we included haplotypes found in Canis from areas surrounding the midAtlantic region from animals that were assigned morphologically to any of the 3 taxa. GLW sequences were included specifically to test for the presence of GLW haplotypes in the northern Virginia coyote population, given their recent southward expansion along the North American East Coast (Kays et al. 2010) . GenBank sequences were aligned by eye with our coyote sequences in Sequencher 4.8 (Gene Codes Corporation).
Genetic analyses.-We used samples from northern Virginia obtained for this study, and samples from the southeastern United States (Adams et al. 2003 ; S. L. Lance, Savannah River Ecology Laboratory, pers. comm.), midwestern United States (Hailer and Leonard 2008; Koblmüller et al. 2009 ), northeastern United States (Kays et al. 2010; Koblmüller et al. 2009 ), and southeastern Canada (Kays et al. 2010; Leonard and Wayne 2008) , to test for sources of the northern Virginia colonization. We used the 2-parameter model of Kimura (Kimura 1981) to construct a neighborjoining tree (Saitou and Nei 1987) in PAUP* 4.0a109 (Swofford 2002) using the genetic distances between haplotypes and estimating statistical support of branching patterns based on 1,000 bootstrap replicates. For neighbor-joining trees we used a golden jackal (C. aureus, accession number AF184048) as an appropriate outgroup because it has been determined previously to be the nearest common ancestor to the Canis species included in this study (Wayne et al. 1997 ).
We generated a statistical parsimony haplotype network using TCS 1.21 (Clement et al. 2000) to visualize potential regional genetic structure. TCS calculates the number of mutational steps among all pairs of haplotypes and then joins the most similar haplotypes together into a network where their combined probability is .95% (Templeton et al. 1992 ). We created a network including both our northern Virginia haplotypes and also haplotypes representing potential source populations.
We divided surrounding populations into 6 regions, using published haplotype frequency data and geographic divisions used by other authors (Hailer and Leonard 2008; Kays et al. 2010; Koblmüller et al. 2009 ; S. L. Lance, Savannah River Ecology Laboratory, pers. comm.). The 6 regions were Texas (TX), Nebraska (NE), South Carolina (SC), Ohio (OH), western Pennsylvania/western New York (PA/NY), and the Northeast (NorE). We used Texas and Nebraska to represent western coyote populations (Hailer and Leonard 2008; Koblmüller et al. 2009 ). South Carolina represented southeastern coyotes (S. L. Lance, Savannah River Ecology Laboratory, pers. comm.). Northern populations were divided into 3 regions as designated by Kays et al. (2010) , with Ohio representing coyotes expanding from the West into the northeastern United States, western Pennsylvania/western New York representing a contact zone between western and eastern coyotes, and the northeastern United States and southeastern Quebec (the Northeast) representing eastern coyotes including admixed coyote-GLW animals. We considered all regions as potential sources of the colonization of northern Virginia.
A newly colonized population is expected to have lower molecular diversity than its source population, with these differences more pronounced when founders are few, the colonization event is recent, and no subsequent gene flow occurs between colony and source (Nei et al. 1975 ). We calculated nucleotide diversity and haplotype diversity in DnaSP (Liberado and Rozas 2009 ) for the population in our northern Virginia study area. We compared these values to the same values for studied coyote populations in surrounding areas where these data were available (Hailer and Leonard 2008; Kays et al. 2010; Koblmüller et al. 2009 ). We also calculated these values for a population of coyotes at the Department of Energy Savannah River Site in South Carolina (S. L. Lance, Savannah River Ecology Laboratory, pers. comm.).
We directly tracked haplotypes across the eastern United States by mapping pie charts of haplotype frequencies for populations in the 6 regions designated above (TX, NE, SC, OH, PA/NY, and NorE) and for the population in our northern Virginia study area. Where haplotype frequency data were not available we mapped only haplotypes that matched ones detected in our study (Adams et al. 2003) .
RESULTS
We obtained control region sequences for 89 of the 126 coyote scats and for all 7 coyote tissue samples. Thirty-seven scat samples failed to yield sequence data. The 274 usable sites (,5% missing data) contained 14 transitions, 0 transversions, and 2 insertions-deletions, resulting in 7 haplotypes that have been recovered previously in other Canis spp. and have been published in GenBank by other authors (Table 1) . However, for the purposes of this paper, our haplotypes will be numbered 1 through 7 (Hap1-Hap7).
We were able to sequence a 385-bp region for representative samples of 5 of our haplotypes to check for diagnostic sites outside of the 282-bp fragment amplified for the remainder of our samples. However, because of problems associated with poor DNA quality characteristic of scat samples, we were unable to amplify the larger fragment for 2 of the haplotypes. These haplotypes were represented by only 1 scat sample each, and DNA degradation could have prevented the amplification of larger fragments. In some cases we were able to amplify multiple scat samples for each haplotype that were determined to be from different individuals based on 6 microsatellite loci. When we compared our short and long sequences to published sequences, with the exception of 2 adjacent transversions that differentiated Hap1 and Hap2, we found no variable sites outside of our short fragment. All 7 haplotypes had diagnostic sites within the short fragment, indicating that our haplotype assignments were reliable and not likely to underestimate the presence of additional haplotypes. Our mtDNA fragment thus appeared appropriate to investigate population structure, molecular diversity, and population origins of North American Canis spp.
Verification of individual identities.-We attempted to amplify 6 highly variable microsatellite loci that have been used previously on a coyote population (Prugh et al. 2005 ) to verify individual identities from the noninvasively captured DNA. Of the 96 samples successfully sequenced (89 scat and 7 tissue), we found 39 individuals among the 65 samples successfully scored. Genotypes were assigned only if they were observed at least 3 times for heterozygotes and 5 times for homozygotes from independent amplifications, as recommended by Taberlet et al. (1996) for noninvasive samples. Additionally, some alleles that did not meet these criteria were assigned using the program RELIOTYPE (Miller et al. 2002) , which uses a maximum-likelihood approach to assess the reliability of an observed multilocus genotype. We used 200 bootstrap replicates to estimate the reliability of each allele with 95% confidence. Of the 65 samples, 53 were scored at all 6 loci, 7 at 5 loci, 2 at 4, 1 at 3, and 2 at only 1.
Comparison to published haplotypes.-Of the 156 published Canis spp. control region sequences found on GenBank, 15 were identical to the haplotypes we detected in northern Virginia (Table 1) . Some haplotypes (Hap4, Hap6, and Hap7) detected in northern Virginia were detected in only 1 other locality. Others were detected in multiple localities, often from diverse geographical areas. Hap2 was identical to 2 sequences that have been reported to originate in GLWs (GL1 and GL20).
Population genetic analyses.-We used 149 Canis spp. haplotypes obtained from GenBank (we removed 8 of the 15 published haplotypes that were identical to our northern Virginia haplotypes to exclude duplicates; see Table 1 ). The neighbor-joining tree with bootstrap values revealed a polytomy for coyote-GLW haplotypes (not shown). To simplify the minimum spanning network we included representatives of each supported (.50%) group within the coyote-GLW clade and all of the haplotypes detected in northern Virginia (Fig. 2) . This network showed little structure among coyote haplotypes and many missing haplotypes for this genetically diverse species. Haplotypes of GLW origin (GL2, GL22, and Hap2- Kays et al. 2010; Leonard and Wayne 2008) originated in GLWs and here clustered together in a closely related group. Haplotype la52 is representative of a large clade of coyote haplotypes, including animals from nonhybridizing coyote populations (Adams et al. 2003; Kays et al. 2010; Leonard and Wayne 2008) .
Comparisons of molecular diversity between our northern Virginia population and surrounding populations revealed similar levels of nucleotide diversity across eastern North America (Table 2) . Haplotype diversity was more variable, with diversity in northern Virginia (0.722) most similar to diversity found in western Pennsylvania/western New York (0.721). In general, a pattern of lower haplotype diversity was seen in the recently colonized eastern states and high haplotype diversity in the long-existing western populations.
All haplotypes detected in northern Virginia had been found previously in populations to the north, south, and west (Fig. 3) . Hap1, Hap2, and Hap5 were found in areas both to the north and south of Virginia. Hap3 was found to the south and west of our site, Hap4 and Hap7 were detected only to the south, and Hap6 was observed only to the west.
DISCUSSION
We used a fast and reliable method to assign haplotypes to coyotes from scat with a short (282-bp) fragment of mtDNA. Smaller fragments are more likely to amplify in noninvasively collected samples because these samples can contain degraded FIG. 2.-Control region minimum-spanning haplotype network based on 385 base pairs (bp) for coyotes collected in northern Virginia for this study (gray shading) and representative haplotypes chosen from each supported (.50%) group within the coyote-Great Lakes wolf clade in the neighbor-joining tree (not shown). Gaps are treated as missing data, not a 5th state. Each node represents a 1-bp change.
DNA (Taberlet et al. 1996) . We determined that the short fragment sequenced for most of the scats samples in our study included a highly variable region that contained most of the variable diagnostic sites found in previously reported control region haplotypes, with longer sequences used for comparison in our phylogeographic analysis. Using 6 highly variable microsatellites and extensive verification of allele scores, we identified 39 individuals out of 65 scats successfully scored.
We found that all 7 haplotypes detected in our study also have been observed in coyote populations from diverse geographical localities to the north, south, and west of northern Virginia, consistent with this region being the terminus of colonization in the continental United States. Our neighbor-joining tree and haplotype network indicate little phylogeographic structure in coyotes. This result is in concordance with mtDNA analysis of coyotes across North (Hailer and Leonard 2008; Koblmüller et al. 2009 ); South Carolina (S. L. Lance, Savannah River Ecology Laboratory, pers. comm.); and Ohio, western Pennsylvania/western New York, and the Northeast (Kays et al. 2010) . Colored pie wedges represent haplotypes also found in northern Virginia. Hap1 is blue, Hap2 is brown, Hap3 is green, Hap4 is purple, Hap5 is red, Hap6 is yellow, and Hap7 is orange. Where haplotype frequency data were not available, small colored circles indicate the presence of haplotypes also occurring in northern Virginia. Sample sizes (n) are shown for all populations.
America by Lehman and Wayne (1991) , which also showed weak phylogeographic partitioning, with similar haplotypes found in animals from such distant localities as California and Nebraska. Weak phylogeographic structure of mtDNA has been found in other canids and has been attributed to the high dispersal abilities of these animals (Dalen et al. 2005; Lehman and Wayne 1991; Vilà et al. 1999) . The haplotype network showing the relationship of published haplotypes from surrounding regions places our northern Virginia haplotypes throughout the network. This suggests that northern Virginia was colonized by coyotes from diverse geographical sources most likely multiple times rather than a single colonization by closely related matrilines.
The haplotype diversity of the northern Virginia coyote population most closely resembles that of the western Pennsylvania/western New York population. The western Pennsylvania/western New York population was shown by Kays et al. (2010) to be a contact zone where coyotes expanding from the West through Ohio have interbred with coyotes expanding southward along the East Coast from the Northeast. Examination of our data shows that this contact zone is located as far south as northern Virginia. This region is thus a contact zone between coyotes expanding from the north, south, and west. This lower haplotype diversity along the newly colonized East Coast stands in contrast to populations in the West (e.g., Texas and Nebraska) where coyote populations have been long established and exhibit higher diversity (Hailer and Leonard 2008) . This pattern of reduced genetic diversity in regions of recent colonization is typical of a leptokurtic pattern of dispersal (Hewitt 1996; Ibrahim et al. 1996) and has been observed for many mammalian species that have experienced range expansions (e.g., eastern woodrat [Neotoma floridana- Hayes and Harrison 1992] , northern flying squirrel [Glaucomys sabrinus -Arbogast 1999] , and V. vulpes [Aubry et al. 2009] ). The low haplotype diversity observed in South Carolina thus could be a result of a recent founder effect, and future influx of additional haplotypes could occur if immigration continues.
Despite weak large-scale phylogeographic structure in coyotes, as shown in other studies (Lehman and Wayne 1991) and also found in this study, the pattern of low haplotype diversity in the Northeast, with higher diversity to the south and west, is evident. Examination of other occurrences of haplotypes found in northern Virginia indicates multiple sources of colonization. Although sampling to the west of the mid-Atlantic region is incomplete, direct tracking of haplotypes along known coyote colonization routes provides strong evidence for sources of colonization. Hap1, Hap2, and Hap5 are the predominant haplotypes in the Northeast and western Pennsylvania/western New York populations, and their spread further south into Virginia, North Carolina, and South Carolina is consistent with their previously documented southward expansion along the East Coast (Kays et al. 2010) . Therefore, although those 3 haplotypes also have been detected to the south and west of our study site, they most likely colonized northern Virginia from the north. Because Hap3, Hap4, Hap6, and Hap7 were not detected in the well-sampled area to the north, they presumably colonized northern Virginia from the west or the south. This direct evidence of colonization from multiple surrounding regions is in concordance with the reported colonization route (Parker 1995) of coyotes moving eastward along northern and southern fronts of expansion and terminating in the mid-Atlantic. In addition, the success of an ecological invasion is reliant on the number of colonists and the number of colonization events (Kolbe et al. 2004; Lockwood et al. 2007) . In this case, although the number of colonists is unknown, evidence exists for multiple colonization events and at least 7 maternal founding lineages.
We found a haplotype (Hap2) that is identical to 2 reported GLW sequences, GL1 and GL20. Haplotype GL1 was found in historic (,100 years old) specimens from Ontario, Michigan, and Wisconsin (Leonard and Wayne 2008) . These specimens were collected before coyote colonization in the region and, as such, are not the products of recent admixture. Haplotype GL20 is identical to GL1, except that GL20 is a shorter fragment and probably indicates that haplotype GL1 is extant and currently expanding southward along the East Coast (Leonard and Wayne 2008) . This GLW haplotype is common in coyotes in the northeastern United States and southeastern Quebec (Kays et al. 2010 ) and was found in 15 of 48 coyotes sampled in New York and Massachusetts (la19- Koblmüller et al. 2009 ). Not only do animals possessing a GLW mtDNA haplotype show genetic signatures of admixture with GLWs, but these animals also possess craniodental characteristics more similar to wolves than coyotes (Kays et al. 2010) , demonstrating the ecological significance of this admixture event.
In this study we showed that noninvasive molecular technology can be an effective tool to detect the origins of a recent colonization of an elusive carnivore despite weak phylogeographic structure across its range. We also have detected a haplotype (Hap2) that was described only recently in coyotes having signatures of admixture with the GLW in the northeastern United States and southeastern Canada. We found this haplotype to be common in the northern Virginia coyote population. This haplotype was found in 2 coyotes from South Carolina (S. L. Lance, Savannah River Ecology Laboratory, pers. comm.), extending the reported range of admixed coyote-GLW animals even further south. Notably, this southward expansion brings admixed coyote-GLW animals into the range of the red wolf reintroduction program in North Carolina. Currently, the exact taxonomic relationship between coyotes, GLWs, and red wolves is under debate in the literature, and this observed expansion of admixed coyote-GLW individuals into the range of the critically endangered red wolf might further complicate the issue. Regardless, it is clear that the coyote has been able to expand dramatically through the ranges of other Canis spp. despite anthropogenic persecution and probably will continue to dominate the eastern United States as its principal mammalian predator.
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